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A MODEL FOR N
FISSION PRODUCT TRANSPORT AND DEPOSITION UNDER ISOTHERMAL CONDITIONS

T. 8. Kress
F. H. Neill
ABSTRACT

The transport of fission products through a csrrier coolant
stream and their deposition onto the conduit surfaces have been
studied analytically and experimentally. The model developed
aggumes validity of the heat-mass analogy under conditions of
radioactive decay and an imperfect sink that may saturate and
postulates a classical adsorption-desorption interaction at the
conduit surface.

Mass balances in the carrier stream and om the conduit sur-
face result in a set of time~dependent, nondimensgional differen-
tial eguations. These equations express the concentration in the
gas stream and on the conduit surface as functions of time, axial
position, and the identified fission product deposition para-
meters.,

Equilibrium solutlons are presented along with transient
solutions of a limiting condition of the equations shown to be
equivalent to a set in the literature.

The experimental facility, built to observe out-of-pile
deposition, basically contains an isothermal helium circulating
loop, provisions for installing different test sections, and a
system for injecting a variety of radiocactive isotopes at rates
similating release from reactor fuel. Results for the deposi-
tion of icdine on low carbon and stainless steel are presented
and compared with the theory.

INTRODUCTTION

As operating temperatures are extended to higher levels in gas-cooled
reactors, retaining fission products within the fuel elements becomes in-

creasingly difficult. Complete or controlled release of fission products

*The model pregented in this report was abstracted from a thesis sub-
mitted by T. S. Kress to the University of Tennessee as partial fulfillment
for a Master of Science degree from the Mechanical and Aerospace Engineering
Department.



appearsrdesirable for some reactor concepts. An optimization of the degree
of retention requires evaluating the cost penalty associated with maintaine
ing primary coolant systems with varying degrees of contamination. However,
not enough is known about the transport and deposition of fission products
to determine the amount and distribution of this contamination,

Previous investigations (1,2,3,4,5,6,7)! have described ﬁhe transport
of fission products in a feactor carrier stream by traditional convection and
concentration gradient diffusion equations. Oﬁly limited success has been
achieved in introducing a phenomenclogical wall factor to account for inter-
actions at the conduit surface (1,5). The present investigation assumes
validity of the heat~mass. analogy under conditions of radioactive decay (2}
and an imperfect sink that may saturate, postulates an adsorption-desorption
interaction at the surface,? arrives at relations for predicting transport
and deposition of fissionw-products, identifies the parameters involved, and
presents experimental data that agree well with the predictions. The com-
plicating factors of precursors, higher order surface reactions, chemical
reactions among elements, diffusion under a thermal gradient, competition
among fission products for deposition surfaces, presence of particulate
size matter, recirculation of the depositing species in a closed circuit,
surface mobility, and diffusion into the walls of the conduit were not in-

¢luded,

1
_ Numbers in parenthesis refer to similarly numbered references in
bibliography at end .of paper.

2 .

After the development of the present model, it was learned that this
mechanism was previously proposed in an excellent report by Epstein and
Evans (12). However, the present model is shown to reduce to the Epstein
and Evans equations only as a limiting case,




FISSION PRODUCT TRANSPORT AND DEPOSITION MODEL

Typically, deposition of fission products decreases exponentially in the
direction of flow away from the source but is locally higher at entrance regions
and regions of flow perturbations (6). This behavior is highly suggestive of mass
transfer across a concentration potential with axial depletion of the concen- |
tration, The transport through the carrier stream; then, is considered to be by
axial convection and radisl turbulent diffusicn, On reachiﬁg the conduit surface,
molecules underge an interaction with the surfsce materiel often clagsified as
being either chémisurption (8) or physical adsorption {9). In many of these inter~
actions, there is an exchange in which molecules are continually being both adsorbed
on and desorbed from the surface. An Arrhenius type equation adequately describes
the desorption rate for most physical bonds and many chemical bonds as well {10),

The rate of desorption for fission products then is assumed to be given by3

M
ol oM : [1]
vhere @ = w exp (- Q/RT). ' [2]

Desorbed molecules are assumed to "thermalize" in a very narrow region of
thickness § (a few mean-free-paths) near tﬁe surface where the carrier strean
velocity is essentially zero, This assumption allows fission-product deposition
to be treated in the same manner as the many adsorption isotherms (9), Because
of ite wide applicability and simplicity, Langmuir's classical adsorption relstion
is used in which the number of molecular collisions per unit surface area is ex=-

pressed from the kinetic theory of gases simply as

p(QwRTm/sc)'l/2 ‘

3Terms are defined in Nomenclature at end of paper.




In terms of the average concentration, ﬁg, in the region &, the gross collision
rate per unit area for & perfect gas equation of state is
= 1/2
NG(RTgCIENm)

Molecules are assumed to adsorb only on "bare" surface which decresses pro=
portionally as the surface becomes covered or as the surface concentration, M,
approaches & maximum, MBo Further, only a fraction, o, of the "bare" surface
is assumed acceptable {or preferred) for adsorption. Therefore, the adsorption
Irate per unit of geometrical surface area is

oKfﬁs(l - M/M_)

vhere Kr = (RTgc/2ﬂm)l/2 .

The analogy between heat and mass transfer has been demonstrated analytically
to be valid under many flow conditions involving radiosctive decay {1). In addi-
tion, the analogy is aessumed to remain valid as the surface saturétes or as
deposition approaches an equilibrium, Therefore, mass balancing in the bulk

carrier stream, in the region é, and on the conduit surface gives respectively:

9 . s 8N . .=  bh = =
Tt gt W (FaTp) =0, (3]
3N - - - -
6(33-. + ANG) « h{N = Ns) - OM + oN, (Kr) (1 - M/MS) =0, (4]
M : =
and 5o - ofke) (1 - M/M N, + Mo+ 1) =0, (5]

The somewhat heuristic 6 was introduced merely as an expediency t¢ make use
of existing surface chemiatry relations, One would expect & 1o be very small,
Therefore, the influence or the first term in Eq. b will not be great, especially
after deposition has progressed toward & steady state, Neglecting the first term

effectively removes 8§ from the model, and Eq. 4 is solved for ﬁ; to give

T oa (b + oM) ] (6]
8 | W okr(1 = W)




On substitution of Eq. 6, Egs. 3 and 5 become respectively:

—-— - 2
9N . = N hn Lh -
LN A S T N PR M7V _) ] N

hho .
- {D {h + oKr(1 - M/ME.T]} M=290 , (7]

M lo s ne Kol = M/M )0 hoKr(l - M/Mg) _
3t (5 + okr(1 - M/M_)] M-\Th + okr(1 - MM YT W=0. (8]

For a uniform source, N, at x = 0, Egs. T and 8 may be expressed in nondimen-

glonal form as

oW, U, oW, b, k2

- i
Dy  Dylhy + oKr, (1 = M/M_ )",

bn, 6,
" \Dylh, * GKr (1 = M, /H_,T] My = 0, (9]
and
M, 6, 0Kr, (1 - My /My )
ot , # *  Ihy + Kr,(1 - M*/MB*)} *

hyoKry, (1 = M/M ) = (10}
- =
(hy + oKr (1 = B/M )] |7 ’

in which the following dimensionless quantities have been defined:
Xy = x/D te = t(v g /u)
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Equations 9 and 10 with appropriste boundary conditions represent the
simplified model proposed. The parameters may be identified by introducing the

Blasius friction coefficient, Cpy defined by




6

_ -2
T, = Cprx/gc .

The following relations may then be determined:

Uy = 19/C (11]
Dy = e Moo (12]
and U, /D, = 1/(cf Re) . (13]

in eddition; the dimensionless mass transfer coefficient, h,, may usually be
established by analogy in terms of dimensionless parameters for a given regime

of flow, An example for fully developed turbulent flow is (ll) (;g " c,qﬁﬂi
e

Qbﬁ
T “

hy = — [2b]
i -1/8 -1/6
[1% 1.5 Ny (Ng Cp/Crp =~ 1))
where C.  is the friction coefficlent for a smooth surface (e.g., Coo = 0o 316/8n l/h)9
and Cf is the usual function of NRe and the relative roughness, k,. Inspection

of Eqs. 9 through 1l reveals that the fission-product deposition parameters based

on this model are 6,, A,, oKr,, MB*, NSc' and k.

NRe'
The equilibrium solution to Egs. 9 and 10 is readily obtained by direct
integration (see Appendix)., For non-radioactive speoies (A = 0), the equilibrium

solution reduces to

(1 = My/M_y)/My, = 0,/0Kr, (15]

which, of course, is equivelent to Langmuir's adsorption isotherm. This result

is of particular interest not only for its utility but it indicates that the
equilibrium solution for a convecting system approaches that of a static system

if desorbed molecules do not travel far into the donvéctiOn stream, This con-
clusion should be of particular interest to reactor designers who may be concerned
with the contamination resulting from long-lived fission products and long term
reactor operation, By establishing the surface chemistry of fission-product mixtures
through systematic static tests, then the limiting contaminationlevels for actual

operation under, flow conditions can be readily calculated.

m



For the condition of low surface coverage, M*/MS* << 1, Eqs. 9 and 10

reduce to

- - 2
N, U, ON, kn, bng - hn,8,
3?: * 52.3;: * A;%B:_ T D,(h, + oKr,) Ny - D,(h, + oKr*)] K, =0, [16]

oM, oKr, 0, oKr,h, -
s Do A el v R Sl | e ol R 7]
These are equivalent to a pair given by Epstein and Evans (12) for which they

present an analytical solution (13) repeated below in terms of the present nomen-

clature:

for t, < x,D,/U, ; My = Ny =0

for t, > x,D,/U, , end Me/M , << 1 ;

Xy Dy
My (Xphy) = 2(?%-1:) exp [- —-I’;-;- ;%i- + a,)J c(\e, V) (18]

xD

Fo(x,a) = exp [_ -5:1 (%% + A,)J [ac Ve, VZ) exp (- 2) 1 WJhgz)] , [19)

in which

@ = oKryh,/(h, + okr,) ,

0w
1

= ﬂ*h*/(h* + UKI'*) ]

G2 (uly,)

(B” + k*) (tﬁ - X”D*/U“) ]

= 2l
[ ] n

I0 is the zeroth order Bessel Function with a purely imeginary argument, and

4 4°
Glpya} = J ¢ ™ I (2p¢ld¢ .
(o]

Equations 18 and 19 were programmed for numerical asolution on the CDC 160L-A
digital computer and solutions were obtained for & systematic variation of the

parameteré {Figs. la through le). The program was also used to compare the model

with experimental results for low levels of deposition,
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EXPERIMENTAL RESULTS

Observations of iodine transported through a turbulently flowing helium
stream and deposited onto stainless and carbon steel conduit were made with
the experimental apparatus shown in Fig. 2. The closed circuit was held
essentially isothermal at 500°F by "clamp-on" heaters downétream of the cir-
culator, and by piping insulation,

The deposition area was 12 f{ of nominally l-in.-diam pipe attached
at the ends to the remainder of the loop by mechanical joints., A small
sample of Pal,, tagged with a known ratio of 131lf tc 127I, vas heated at a
constant temperature (up to 800°F) in an appended chamber., After div-
sociating, the iodine diffused into the helium stream through a connecting
tube immediately upstream of the deposition area, Recirculation of the in-
Jected iodine was inhibited byra silver-wire filter downstream of the depo-
sition area. An average injection rate was determined by timing the in-
Jection period and counting the sample before and after each test., The
ratio 6f 1317 to 1271 for the deposited iodine was assumed to be the same
as the original source--(confirmed to be in good agreement by neutron acti-
vation analyses of solutions leached from the deposition surface). The
amount and distribution of the deposited iodine was determined by scanning
with a scintillation type detector mounted on a track underneath the depo-
sition area., Calibration was obtained by comparing scan results with radio-
chemic;§ analysis of the surface. Figure 3 is a typical run in which results
of the scan, radiochemical analysis, and neutron activation analysis are
compared to show their agreement.

Experiments from the present apparatus were conducted with ‘27 on

stainless and mild steel at S00°F. DesdrptiOn experiments were made to
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check the basic assumption represented in Eq. 1, In these experiments, depo-
éjﬁ sition was carried to a low level and then discontinued by rapidly cooling
the source., Circulation of the helium was continued at S00°F and the

scintillation counter held at a fixed position about two feet downstream from

the source to observe the decrease in activity with time, Typical results

for type 316 stainless steel are shown on Fig, L. Such desorption curves
tend to appreoach an apparent equilibrium value but not necessarily the same
for each experiment, If the measured concentration at each time is reduced

by the equilibrium amount, & curve is obtained that follows Eg, 13; and the

slope gives an experimemntal value for 8., Figure 5 shows the data for sev-
eral desorption runs plotted in this manner, From the slope, 6 = 2.5 x 107%
sec”! for iodine on stainless steel at S00°F, For iodine on mild steel at
500°F, 6 was determined in the same manner to be " 2.0 x 10 7 sec i.

L The surface concentration limit, M., was determined by injecting until

6,M
equilibrium was reached under conditions where tKi << 1,0, Under these
%
conditions, Eg. 15 reduces to Mg, = M, or Mg = M, For iodine on smooth

stainless steel tubing, Mg T ok pg/cmn? (v 0,12 monolayers of geometrical

surface), A similar test gave Mg 2 0.76 pg/em? (v 2,3 monolayers) for mild

steel tubing. These values have not been verified yet by a sufficiently

large number of runs under many operating conditions, The basic surface

chemistry must be more firmly established.
M
. *
Using the above measured values, low-level non-saturated,( TR 1),
: g

127 :
deposited I-on stainless steel was predicted and compared with experiment

in FPig. 6.

Transient adsorption of iodine on mild steel was obtained in a "multi-

injection" experiment in which the iodine was injected in specific increments,

After each incremental injection, the source and deposition region were cocled

it
i
A .
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rapidly to inhibit desorption and further injection, and the source
counted to determine the amount injected. After scanning to determine
the deposition level, the test section was brought back to the operating
temperature (500°F) rapidly and the next ipjection increment started,
The results compared with the predictions at low-levels are shown in
Fig. T. The lower three curves were at injection rates significantly
lower than for the other curves, To compare on a consistent basis, low
levels of deposition can be assumed approximately proportionel to t/No

(see Figs. la through le).
DISCUSSION AND CORCLUSIONS

The model presented assumed validity of the heat-mass analogy under
conditions of radioactive decay and surface saturation, postulates the
surface reaction, and correlates the transport and depesition of fission

products., Qualitative agreement with the model for deposition of stable

127
I on mild steel is apparent in the progressive decrease in slope as

equilibrium is approached (Fig. 7). The slopes of the curves are in good
agreement with the theory for low coverage (Eq., 18), although the data are
slightly lowgr. This was expected because no credit was taken for the
higher rate of concentration depletion in the entrance region,

The results indicate that the study of fission-product deposition in-
volves the same problems inherent in the many physical adsorption isotherns
(9) and chemisorption surface reactions (8) of stable species. The trans-
port behavior seems to be important only for short-lived isotopes and non=-
equilibrium.-levels of deposition. To fully predict fission product depo-
sition, the chemical form and reaction with a given surface which may con-

tain previously deposited molecules must be determined., If the reaction

uuuuu--nn-------l-II...!.I‘I..II!IIIII‘III




21

ORNL-DWG 65 - 5§
10" | | | | ‘ 665 - 8661
g INJ. RATE Y ]
Npe =25400 6, =3.28%10 2 —f——r—— «——— SCAN DATA ¥ ( 0.0085
Ng, = 3.258 Kry= 73.4 - "1 s THEORY (M, My << i)
—— 7 = BOQ°F C‘f = 0.0034 | ]
5
MS”(DETERMENED FROM INDEPENDENT EARLIER TEST)
[ — AVG. ING. -
e = ’1?15*20065 mg/min
——
[ ———— —— —— b,
——— - AVG, INJ, RATE = 0,006 —-;- —
— O | ol 3 ma/min
—— . n—-._ —
7 S—— ) e,
10 e
M——-..-. — AVG. NG RATE -
X . T —— 00068 g,
M S04y . m
* . .
1= i
o S
i > ——— \ --‘-__
-‘-‘H
a """-—.____ - [ — 2 =
by -....___. — * 2.”,”09
b ——
> Ar ’ INJ RATE o~ \I —--\
' *::2-459,(’ g 0. 042 mg/ ""——.__
: - 7 = Y« AA 0 Min — —..
M S 1 P * ¥ ar 000 —
Il bd { 42
* 00065 = 1.3
3 95x4p8
[ —,
———
"'-n-.....,__._ \
H‘
10 i
Avg Ny ATE —— B
Ar = —
» 455)(108 mg/, in "'J—._im--._
E \ . d?‘* _,":_-' 4
M (§00ey
e, 065/= 5,0
5 oo Ox g7
i * =2 15 x \
— 10 "-l\
‘M‘\- '\
Ave, —
4 rNJ RAT -":'_“-' Py \-—-‘\
*“‘fO?Sx’ ;] 13 mg/r;';:"'- .-..\
NOTE_ P o — ]
2 ‘“7’"{ Qory -.‘
* %.0055/ =2.13 X{n? Tl
0] -""'-; —
108
o 20 40 60 B8O 100 {20 140
p = x/D
. . e 127 . o o
Fig, 7. Transient Deposition of I on Mild Steel at S00°F,
Comparison of Theory and Experiment




2e

is an interchange process that can be described by an equation of the
Arrhenium type, then completecharacterization may only require de-
términing values for the activation energy, 4, the vibratiqnal period,
w, the active surface fraction, ¢, and the saturation level of adsorp-
tion, Mg. These parameters may be functions of the treatment of the
surface material, state of oxidﬁtion, temperature, previocus surface
coverage, and other variables. The need for fﬁrthér investigation is
indicated in which static tests may be used to characterize surface re-

actions for the more important fission products,
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NOMENCLATURE

Friction coefficient

Friction coefficient for smooth tubing
Conduit equivalent diameter
Proporﬁionality constant

Mass transfer coefficlent

Gross collision rate term = (R‘I‘gcfanm)l/2

Molecular weight of the flssion-~product

Fiselon-product concentration on the conduit surface

Saturation 1imit of fisslon product surface concentration
Fisslon-product concentretion in the gas stream at the conduit surface
Redial average of fission-product concentration in the gas stream

N at the source (x = 0)

Reynolds number

Bchmidt number

Fliesion=product partial pressure near the conduit surface

‘Heat of vaporization (activation energy)

Universal gas constant
Time coordinant

Absolute temperature
Bulk mean exisl velocity

Axial distance coordinant

Thickness of desorption region
Fractional desorption rate term defined by Eq. 2

Fisslon-product decay constant

Carrier stream viscosity
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Carrier stream kinematic viscosity ( u'%)

Carrier ptream density

Praction of those molecules stricking bare surface that become adsorbed
YWall shearing stress

Period of vibration of the adsorbed molecules
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APPENDIX

Equilibrium Solution

Consider Egs. 3, I end 5 in nondimensional form:

N, 1 OF _ kn,, G -
+ + AN+ N, =N = Q,
Oty CplNpe 9%« v UﬁfNRe * o%

and — = N
»

. ON, N oM
| At equilibrium, rr = cpim = 1
. oty

Therefore from A-3

Bubstituting into A-2 gilves

_ A'ﬁﬁ* + Bﬁg*

By = =¥ TN,
# " 70 ¥ Dl

vhere A = M, [(6, + N,) (VTN 8h, + by + oKr,) = B,0kr,]

B = oKr (VE N B0, +hy) 5
It C = M, by (6, +),) , and

Duh*dxrﬁa

(A1)

[a-2]

[a-3]

[A-1]

[a-5]
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Differentiating A-5 gives

of, oNy, 2Bc(W;,) + BD(’ﬁg*) + AC

3%, " 8%, (o v ) . [a-¢]

Substituting A-6 and A-5 into A-1l, multiplying by chRe(c +D ﬁa*)e and rearrang-
ing gives

N Iop 72 5 5 N,)(F+ ¥

e [Bn sx + 2BC Ny, + Ac] + Ng, (C+DW)(F+eE,) =0,
where F = C N MA + h'\/Cf h, (A=2¢C),

and G = CN._ AB + hyfCo b, (B—-D) .

Integreting gives

—

ﬁ% BD FG, + 2BC Wy, + AC  _ f
- - dx
e — 6* )
= N.. (C+ DN, ) (F+GN.) (3
Nexo ¥ b* o* _
i
B* | C.e c c_. x
or /- j + 2H + 3; mw-—j'u,
= N C+DN F+QN 0
Nb*o b* o o
which integrates to _ Nb* 02 _ NB*
¢ InNgl  +5 1n(C+ DNyl _
b*o B¥*o
¢y Mo
+gIn (F+ G Nl _ == x, A=T

O¥o

where N, and Ny, cen be found from A-5 (W, = 1),

2
A BCD — AD
=F» %""m-ow s
c. w 2BCO — ACGS/F — BDE
3 CG ~ DF *

For the equilibrium solution to Egqs. 9 and 10, set 8y w 0 in Eq. A~ and solve
k"ll' for H*o
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